L-shell x-ray production cross sections by lH+ ions are reported. The data are compared to the first Born approximation (plane-wave Born approximation for direct ionization and Oppenheimer-Brinkman-Kramers approximation for electron capture) and to the ECPSSR (energy-loss and Coulomb-deflection effects, perturbed stationary-state approximation with relativistic correction) theory. The energy of the protons ranged from 0.25 to 2.5 MeV in steps of 0.25 MeV. The targets used in these measurements were 28Ni, 29Cu, 32Ge, 33As, 37Rb 38S1 39Y 40Zr, and 46Pd. The first Born theory generally agrees with the data found in the literature at high energies and overpredicts them below 1.5 MeV. The ECPSSR predictions are in better agreement with experimental cross sections. At 0.25 MeV our data, however, are underestimated by this theory and tend to agree with the first Born approximation.
I. INTRODUCTION
Over the years, inner-shell ionization due to chargedparticle excitation by protons has been studied extensively.
The two primary processes responsible for inner-shell ionization are direct ionization (DI) to the target continuum and electron capture (EC) to the projectile ion. DI plus EC can be predicted in the first Born [ for EC] approximation and by the ECPSSR approach. The ECPSSR goes beyond first Born by including the effects of energy loss (E), Coulomb deflection (C), and relativistic effects (R) in the perturbed stationary-state (PSS) theory.
The measurements reported. here are for the L-shell x rays whose energies ar'e below 3 keV. A search of the literature shows that most of the published results for L,shell-ionization cross sections are for heavy elements whose L,-shell binding energies are significantly greater than 3 keV. In what follows, we survey the low-energy L,-shell measurements that have been made to date with protons and that overlap with our data in the range of the chosen target atoms (28&Z2 (46). All of the published and the present results suffered from a number of experimental difficulties including (a) large experimental uncertainty in the detector efficiency below 3 keV, (b) contaminant x rays from the K shell of light elements that exist as impurities on the carbon backings, and (c) for the target elements with atomic number Z2 &47, the L,-subshell transitions are closely spaced in energy, making it difficult to resolve individual subshell transitions and hence to, extract individual subshell cross sections.
First comprehensive surveys for L-shell x-ray production and ionization cross sections for protons were done by Brandt and The latest compilation of cross sections for L shell is by Sokhi and Crumpton. '
The first attempts to compare theoretical results to experimental L-shell-ionization cross sections for low-Z2 targets excited by protons were made by Jopson et al. and Khan et al. The PWBA overpredicted both the 40Zr and 42Mo data of Jopson et al. (1962) and the copper data of Khan et al. (1964 Khan et al. ( -1966 . Among the later studies ' Winters et al. ' (1973) saw excellent agreement between their data and the PWBA for targets of Kr in the 1.5 -5.0-MeV range. More recent works on Pd (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) Rb and Y (0.95 MeV) Y (4 -22 MeV) Cu, Ga, Ge, As, Se, and Br (0 3 -2 6 MeV) and Y (2.92 -39.34 MeV)' were compared to the PWBA, ' the binary encounter approximation (BEA), and precursors of the ECPSSR theory for I.-shell, i.e. , an early approach that accounted for binding and Coulomb deftection effects and a later CPSSR formulation.
All the theories generally predicted the trend of the data very well. The actual agreement ranges from fair to good, and is excellent in certain cases.
In the present work, L,-shell x-ray production cross sections have been measured for (0.25 -2.5)-MeV 'H+ ions incident on thin solid targets (thickness in pg/cm in parentheses) of 2&Ni(6. 4), 29Cu(19), 32Ge(28), 33As(12), 2089 32 L-SHELL X-RAY PRODUCTION CROSS SECTIONS OF Ni, . . . Thin targets of 2sNi, z9Cu, 3Q e 33 37 e As Rb, 38Sr, »Y, qoZr, and 4ePd were prepared by vacuum evaporation and deposition technique. The (10 -20)-pg cm carbon foils used as bac ing ma eria t ' 1 for these targets were screene to k there was a minimal presence of low-Z contaminants. The elemental layer then deposited on the bon was thin enough so that the energy loss sustained by t eprogeciei h 'ectile ion in passing through the target was neg iick enou h to gible, but at the same time the layer was thick enoug -ra eaks that were clearly above background. for alladium are in nt with the theory and the data of Petu ov much as a factor of 2 above the data are by as muc as a ed b Chaturvedi ' t'
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at 3 MeV is higher by a factor of 3 tha than the trend et ah. at e is ain at high energies both that our data predict. Again, a ig I.-SHELL X-RAY PRODUCTION CROSS SECTIONS OF Ni, . . . 2091 theories overpredict the data. Below 1 MeV the ECPSSR theory is in excellent agreement with all the data that we could find in the literature for 4.6Pd. This is remarkable in view of the sharply decreasing cross sections with decreasing energy of the hydrogen ion and larger experimental uncertainties in the low-energy range. Riccobono's' data for 37Rb and 39Y lie well below (almost a factor of 2 for Z2 --37) our measurements; even correcting for the fact that they were obtained at 0.95 MeV, not exactly at 1 MeV. The cross section by Jopson et al. for &2Mo, interpolated to 0.25 MeV, is by as much as a factor of 10 below our data. Our measurements at 1.75 and 2.5
MeV for 37Rb 38Sr, and 39Y are somewhat lower than the ECPSSR predictions but they are in good agreement for other elements; except for current 46Pd data which are significantly overestimated by the theories at 1 MeV and above, and definitely underestimated by the ECPSSR approach at 0.25 MeV. In fact, our measurements at 0.25
MeV, contrary to other data for this energy, are in good agreement with the first Born results.
In conclusion, present measurements of the L-shell xray production cross sections are roughly consistent with the data reported by laboratories in the last decade. Earlier measurements differ generally by large factors from the recent measurements and thus seem less reliable. The ECPSSR shows better agreement with the measured data than the first Born approximation; this is particularly so at low proton energies. At 0.25 MeV, however, our data are almost twice as high as other' ' measurements as well as the ECPSSR results. This trend is reverse to the behavior of the early molybdenum L-shell cross sections from Ref. 6, which are 1 order of magnitude below our data. Considering the wide spread that exists between measured cross sections for L-shell x-ray production in . 6, 7, 13, 16, 17, and 20 , are compared to the first Born approximation (dashed curves) and ECPSSR theory
